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???? 1)
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In the present paper, we analytically and numerically investigate the boundary error
computed by the immersed boundary-nite dierence lattice Boltzmann method (IB-
FDLBM). In the FDLBM calculation, we set the magnitude of the discrete velocity in-
dependently from the grid spacing. Rigorous analysis is performed in order to derive the
analytical solutions for the velocity gradient, the boundary velocity, and the boundary
error computed by the IB-FDLBM. We demonstrate the small magnitude of the discrete
velocity is eective in decreasing the boundary error at high relaxation time in the nu-
merical analyses of the symmetric shear ows and of the cylindrical Couette ows.
Key Words : Computational Fluid Dynamics, Finite Di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Method, Immersed Boundary Method, Boundary Error
1. ????
??????? (Immersed Boundary Method, IBM)(1)?
????????????????????????????
?????????????????? (Lattice Boltzmann
Method, LBM) (2) ? IBM????? Immersed Boundary-
Lattice Boltzmann Method (IB-LBM) ?????????
????? (3, 4)????IB-LBM ???????  ???
2 ?????????????????????????
????????????????? (5)?Lu (6) ?Multi-
Relaxation-Time (MRT)??? (7)?????????? (8)
? Two-Relaxation-Time (TRT) ??? (9) ???????
???????????????????????????
???????????????????????????
???????????????????????????
???IB-LBM?????????? TRT???????
?? (10)??????????? (Finite Dierence Lattice
Boltzman Method, FDLBM) (11)????????????
????????????????????????????
????????????????? (12)?IBM? FDLBM
?????????LBM ???????????????
??????????????????Rojas??FDLBM
2015 ? 9 ? 1 ????2015 ? 10 ? 24 ???
? IBM??????????????????TRT???
?????????????????????? (13)???
?????? LBM????????????????IBM
????? FDLBM(IB-FDLBM) ???????????
???????????????????????????
??? Forward-Time Central-Space(FTCS)???????
?? FDLBM ????????????????????
??????????????
2. ????
FDLBM?????? ck ????????? fk(x; t) ??
@fk
@t
+ ck  rfk =   1

(fk   f (eq)k ) +
3!kck G
c2
; (1)
??????????????k????????????
????? ??????f (eq)k ????????G ???
???????????? f^k??? ^????? c^k??? t^?
?? u^??? p^??? x^ ???????? L????? 0?
?????????? c ???????????????
fk = f^k=0???  = ^=0??? t = t^=(L=c)???u = u^=c?
???? ck = c^k=c??? x = x^=L???????????
???? fk ???????????? (1)????FDLBM
???? (1)?????????????????????
?????????????FTCS???????? (1)?
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Fig. 1 Schematic diagram of the symmetric shear ows and
the cylindrical Couette ows. The circles indicate the bound-
ary nodes xb and uid nodes xf .
???????????????????????????
fn+1k;i;j   fnk;i;j
t
+ ckx
fnk;i+1;j   fnk;i 1;j
2x
+ cky
fnk;i;j+1   fnk;i;j 1
2y
=  f
n
k;i;j   fn(eq)k;i;j

+
3!k
n
i;jck Gni;j
c2
: (2)
????i?j?n???????x????y???????
?????????????t ????????x ? y ?
???????????????????????????
???x = y ????
D2Q9????????????? f (eq)k ??
f
(eq)
k = !k

1 +
3
c2
ck  u+ 9
2c4
(ck  u)2   3
2c2
u  u

; (3)
?????????? !k ?????????!0 = 4=9?
!1;2;3;4 = 1=9?!5;6;7;8 = 1=36????????????u
????c?????????????? ??? u??
 =
8X
k=0
fk; u =
1

8X
k=0
ckfk; (4)
???????
Chapman-Enskog??????? (1)???????Navier
Stokes(NS)??????????
r  u = 0; (5)
@u
@t
+ (u  r)u =  1

rp+ r2u+G: (6)
??????? p = c2=3????????  = c2
3
????
????? (14)??????????????? t0????
(L=c)???????? (6)???????? Sh = L=(t0c)
???????IBM???Fig. 1(a) ??????????
???????????????????????????
? xb ??????G?????????????????
???????????????????????????
??????? Direct forcing method (3) ????
G(xb) =
ud(xb)  ub(xb)
t
; (7)
???????????ud ????????ub ????
????????????? (7)??????? ub(xb)??
Fig. 1(a) ??????????? xf ???? u(xf ) ??
??????
ub(xb) =
X
f
u(xf )D(xf   xb)2x; : (8)
????Pf ???? xf ??????????
? (8)?????? ub(xb)??? (7)?????????
?????????????D(x)????????? (5)?
D(xf   xb) = (xf   xb)(yf   yb); (9)
(r) =
(
1
4x
 
1 + cos
 
jrj
2x
 jrj  2x
0 jrj > 2x
: (10)
IBM ???????????? xf ?????? G(xf )
?G(xb)????????????? (9)?(10)?????
??????????? D(x)????
G(xf ) =
NX
b=1
G(xb)D(xf   xb)s; (11)
?????????????N ?????????????
s????????????????????? R???
?? s = 2Rx=N??? L??????? s = Lx=N
???????
IB-FDLBM??????????????????
Step 1. ?????? ud(xb)?????? 1(xf )?u1(xf )
?????? (3) ???f1k = f (eq)k ???????
????? f1k ?????
Step 2. ??? (4)?? n(xf )?un(xf )?????
Step 3. ? (8)????un(xf )?????????????
?? unb (xb)?????
Step 4. ? (7)???????????????Gn(xb)??
???
Step 5. ? (11) ????????????? Gn(xf ) ??
???
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Fig.2 Velocity proles calculated by the IB-FDLBM for the
symmetric shear ows. c = 1.
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ows???????? 200200????????y = 50x?
y = 150x ?????IBM????u = 0:01?u =  0:01?
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
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???? = 1?  = 10????????????????
??????Fig. 3(b) ?????????????????
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(b) velocity prole along the central horizontal plane
Fig. 3 Tangential velocity prole calculated by the IB-
FDLBM for the cylindrical Couette ows. c = 1.
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(b) c = 10:0
Fig.4 Velocity proles calculated by the IB-FDLBM for the
symmetric shear ows. The relaxation parameter  is varied
as 1, 5, 10, and 20.
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(a) velocity gradient
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(b) boundary error
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(c) uid velocity at the boundary
Fig. 5 Comparison of the analytical and the numerical so-
lutions as calculated by the IB-FDLBM.
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(b) velocity prole along the central horizontal plane
Fig. 6 Tangential velocity prole calculated by the IB-
FDLBM for the cylindrical Couette ows. c = 0:5.
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(b) velocity prole along the central horizontal plane
Fig. 7 Tangential velocity prole calculated by the IB-
FDLBM for the cylindrical Couette ows. c = 2:0.
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Fig. 8 Relative error versus the number of grid points.
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